ABSTRACT: Environment-driven variation in the supply of individuals to local assemblages can determine patterns of community structure. Alternatively, local environmental conditions can determine the type of species that can be successfully established in a given community. Most communities are probably found somewhere between these 2 extremes, but few studies have attempted to disentangle their effects in a community-wide context. Using multivariate approaches in rocky shore communities, we showed that environmental variables (i.e. sea surface temperature and wind stress), the benthic abundance of 108 species of invertebrates and macroalgae, and recruitment rates of invertebrates all shared significant spatial and temporal patterns of variability across a 400 km shoreline marked by the presence of a prominent upwelling centre. Variance-partition analyses for the invertebrates with pelagic development showed that spatially structured environmental filtering alone explained only 7% of the variation in community structure. In contrast, the combination of environmental conditions and recruitment variation ex plained 45% of the variability in community structure and an additional 18% was jointly ex plained by recruitment and spatial relationships among sampling sites. Unexplained variation (41%) can be attributed to factors like local species interactions that are robust to environmental variability. Therefore, environment-driven variation in recruitment rates can have, in comparison to pure environmental filtering, stronger effects on the structure of this metacommunity. Our results can serve as a foundation for predictive models of the response of biodiversity to climate change and other human-induced disturbances, which are predicted to alter local environmental conditions and dispersal pathways. 
INTRODUCTION
Understanding the processes that underpin spatial patterns of distribution and abundance of multiple species is central to the prediction of the response of natural communities to large-scale natural and human-induced environmental changes. The metacommunity framework, in which local ecological communities are connected by dispersal of propagules, describes the role of scale-dependent processes in the organisation of local communities (Leibold et al. 2004 , Logue et al. 2011 ). According to this view, the interaction of environmental filtering, dispersal and eventual recruitment, and local-scale ecological processes such as species interactions, simultaneously give rise to patterns of community structure and species coexistence (Logue et al. 2011 , Menge & Menge 2013 . Environmental filtering occurs when environmental stress exceeds the physiological tolerances of the individuals of a given species (Pörtner & Knust 2007 , Somero 2010 , rendering negative population growth rates. This abiotic process generates sets of species with shared ecological tolerances at any given site; local species interactions would further modulate the type of species that can actually coexist (Cornwell et al. 2006 . Separating the effects of these environmental filters from those generated from other main processes, such as recruitment (Aiken & Navarrete 2011) , has important theoretical and practical consequences (Gilbert & Bennett 2010 , de Bello 2012 .
In marine ecosystems, regional (100s to 1000s of km) and mesoscale (10s to 100s of km) environmental variability can directly affect the performance of benthic organisms and at the same time modulate the supply of planktonic larvae to coastal communities (Watson et al. 2011 , Fenberg et al. 2015 . Therefore, 'environmental filtering', typically synthesised in spatial and temporal patterns of sea surface temperature (SST), can affect local community structure through both abiotic environmental conditions and dispersal− recruitment variation (Bustamante et al. 1995 , Wieters et al. 2009 , Menge & Menge 2013 . Here, we define environmental filtering as the abiotic conditions (e.g. SST) that can affect established individuals in the benthic habitat, and attempt to separate them from the effect of environment-driven variation in recruitment. Growth rates of primary producers have been shown to correlate to mesoscale structure in SST, which is closely related to nutrient concentrations (Tegner & Dayton 1987 , Menge et al. 2003 , McPheeShaw et al. 2007 . In this way, patterns of community structure can result from spatial variation in abiotic environmental conditions through pure 'environmental filtering' (Pavoine et al. 2014) , as well as through the modification of species interactions, e.g. change in relative competitive abilities across space leading to species sorting across local populations (Leibold et al. 2004) . Much research, mostly through the analysis of species functional traits, is devoted to teasing apart the pure abiotic filtering from the role of species interactions; however, disentangling the effects of environmental filtering and environmentally mediated recruitment has re ceived less attention (de Bello 2012 ).
The supply of recruits from the regional pool of reproductive adults can determine population patterns and the strength of species interactions (Connolly & Roughgarden 1999 ), but evidence linking larval recruitment rates to community patterns is scarce and varies in consistency. On the one hand, significant links between recruitment rates and adult population size have been shown for a number of species (Connolly & Roughgarden 1999 , Hughes et al. 1999 . Accordingly, the relative abundance of competitive pairs of species can also tightly and 'neutrally' follow the among-site variation in relative recruitment rates (Shinen & Navarrete 2014) . On the other hand, recent efforts to quantify the signal of recruitment across entire communities, or at least considering a large fraction of the species in the metacommunity, have come to apparently different conclusions. For instance, work along an extensive section of the coast of central Chile suggests that post-recruitment processes lead to significantly more convergence in community structure across the region than one would expect based solely on recruitment of individuals (Caro et al. 2010) . In contrast, water flow and currents, which deliver propagules to final adult habitat, have been shown to mediate the diversity and structure of benthic communities elsewhere (Watson et al. 2011 , Palardy & Witman 2014 ). In the Southern California Bight, the predictive power of nearshore circulation can be higher than that of SST variability (Watson et al. 2011) ; i.e. the pure environmental filtering appeared to be much lower than the dispersal−recruitment component in the structure of those communities. Thus, there is a clear need to improve our understanding of the relative importance of environmental and recruitment factors as determinants of multispecies metacommunity structure.
In coastal ecosystems located along mid-latitude temperate west coasts, the wind-driven upwelling of cold, nutrient-rich deep waters to the surface determines mesoscale variation in environmental conditions, such as nutrient supply, phytoplankton concentration, and consumer body sizes. Upwelling activity interacts with the delivery of planktonic larvae, influencing patterns of larval arrival of marine species (Menge et al. 2004 , Nielsen & Navarrete 2004 , Witman et al. 2010 . Along the upwelling ecosystem of the Pacific coast of North America, for example, several population-and community-level properties are unimodal functions of upwelling persistence (Menge & Menge 2013) . Such unimodal relationships across upwelling inten-sities have yet to be examined along other productive coas tal regions, such as the Humboldt Upwelling Ecosystem, in which coastal assemblages located around persistent upwelling centres (e.g. capes and peninsulas) show generally reduced phytoplankton biomass and reduced recruitment rates due to offshore advection of larvae and propagules (Lagos et al. 2008) .
Here, we examined in a community-wide context the relative roles of environmental filtering and recruit ment rates in determining the structure of a rocky intertidal metacommunity. We tested the general hypothesis that major environmental filtersimposed by SST and coastal wind patterns -and recruitment rates of benthic invertebrates jointly influence the spatial variation in community structure. As a model system, we used the intertidal rocky shores of northern-central Chile, characterised by overall moderate to low recruitment of most species and by the wind-forced upwelling of cold and nutrient-rich deep waters around a prominent headland that maintains a persistent structure of nearshore SST. By quantifying recruitment patterns of multiple species and local benthic abundance across the region, we were able to tease apart the effects of environmental variability and supply on spatial patterns of these diverse communities.
MATERIALS AND METHODS

Study region
The upwelling centre mentioned in the 'Introduction' is located in the Humboldt Upwelling Ecosystem and locked to Punta Lengua de Vaca (Fig. 1 , 30.25°S; PLV hereafter), a prominent headland that abuts the southern end of the greater Coquimbo bay and marks a large-scale oceanographic transition along coastal Chile (Hormazabal et al. 2004 , Muñoz 2008 . The strength of the annual cycle in nearshore in situmeasured SST decreases sharply south of 30.25°S, while the synoptic-scale variability (days to weeks) increases in importance to the south of this latitude (Tapia et al. 2014) . Similarly, wind stress shows lower seasonal variability and a higher synoptic variability at sites located south rather than north of PLV (Tapia et al. 2014) . Moreover, the strong and negative correlations between equatorialward wind stress and SST variability observed south of PLV weaken at sites located north of this latitude (Tapia et al. 2014) . Accordingly, sites located immediately south of PLV are more strongly influenced by upwelling activity, and temperature fluctuates markedly over synoptic timescales, while sites located to the north receive waters from the upwelling centre (Moraga-Opazo et al. 2011) and temperature fluctuates over longer temporal scales .
The mesoscale (i.e. 10s to 100s of km) transition in oceanographic conditions coincides with significant spatial variation in community structure, which is also associated with a biogeographic transition area (Broitman et al. 2001 , Camus 2001 . For example, the dominant corticated red alga Mazzaella laminarioides (northern lineage) and the large bull-kelp Durvillaea antarctica find their northern (equatorial) geographic range limit around this zone , Montecinos et al. 2012 . The northern and southern limits of the cryptic kelps Lessonia spicata and L. berteroana, respectively, also occur within our study region (Tellier et al. 2011) ; similar patterns have been observed for the scurrinid limpets Scurria Table 1 . PLV: Punta Lengua de Vaca zebrina and S. viridula (Aguilera et al. 2013) . In addition, beds of the purple mussel Perumytilus purpuratus, characteristic on the mid-intertidal zone south of 32°S, become scarce northward and are replaced by an increase in cover of ephemeral algae, empty space and patches of chthamalid barnacles (Broitman et al. 2001 , Lagos et al. 2005 . Similarly, overall biomass of corticated algae also changes abruptly in this region (Wieters et al. 2009 , Tapia et al. 2014 . Twelve rocky intertidal sites, spanning ca. 400 km of the shore between 28° and 32°S were established during the austral winter of 2009 (Fig. 1, Table 1 ). In order to minimise among-site differences in terms of substratum heterogeneity, observations were conducted on gently sloping flat rocky shore benches with similar characteristics and fully facing the prevailing Southwester swell.
Environmental variability
In situ measurements of SST were used as an indicator of environmental variation and were obtained by means of digital thermographs (HOBO, Onset) deployed at ca. 1 m depth at each site. Each sensor was housed in a PVC pipe, encased in a concrete block, and deployed from the shore at ca. 1 m depth from mean low water (MLW) in the vicinity of monitoring benches. In this study, we analysed daily means of SST. More details about in situ measurements of SST, which are publicly available from www. ceazamet.cl/index.php?p_cod=changolab, have been published elsewhere (Tapia et al. 2009 ). Spatiotemporal variation in wind stress was calculated over a period of 10 yr (2003 to 2013) from daily QuikSCAT wind fields (http:// podaac. jpl. nasa. gov/ datasetlist? ids= Platform&values=QUIKSCAT) for the study region. Previous work has shown strong and positive correlations (r > 0.8) between these satellite-derived wind data and in situ measurements of temperature for most of central-northern Chile, especially for periods of > 5 d (Tapia et al. 2014 ).
Species abundances
At each site, we estimated species abundances on 7 to 10 plots measuring 0.25 m 2 located along ca. 20 m alongshore transects. The sampling was repeated every ca. 6 mo from May 2009 to July 2012. Transects were replicated at 3 intertidal elevations, low, mid and high intertidal zones. On each bench, we used perennial marine species occurring highest on the shore as indicators of the upper intertidal boundary. Studies on wave-exposed shores conducted elsewhere have shown that their upper distribution limit on different sites represents a summary of the local wave regime (Harley & Helmuth 2003) . The barnacle Jehlius cirratus is the sessile and perennial species occurring highest on these shores. Once the upper boundary was determined on each shore, we divided the intertidal range into 3 zones of roughly equal vertical extent (i.e. high, mid and low zones). Plots were haphazardly positioned along each elevation zone, but positions were restricted to flat and gently sloping surfaces lacking deep cre vices and tide pools.
All seaweeds and invertebrates (> 5 mm) occurring on each plot were identified in situ. Organisms were classified to the lowest possible taxonomic level (usually species). For each plot, we used a 50 × 50 cm frame, divided in 25 equal fields with monofilament line, to estimate species abundances. Sessile and mobile species abundances were estimated as percentage covers (1% resolution) and densities (ind. m −2 ), respectively. This same protocol has been used in several studies of benthic diversity along Chile and elsewhere , Bulleri et al. 2012 . Part of this dataset has been published by Aguilera et al. (2013) and Valdivia et al. (2013) .
Recruitment
Plastic mesh balls (Tuffy®) and 10 × 10 cm Plexiglas and PVC plates covered with SafetyWalk TM (3M) were used as standardised collectors to quantify multi-species recruitment rates (see details in Navarrete et al. 2008 Table S1 in the Supplement at www.int-res.com/ articles/suppl/m538p067_supp.pdf; Caro et al. 2010) . Five replicate collectors were fastened to the rock with stainless-steel bolts in the mid (mesh balls) and the upper intertidal zones (plates) at each site. Mesh balls and plates were located in parallel alongshore transects, so that it was possible to pair the data from each mesh ball to its corresponding plate before the analyses (n = 5 pairs of mesh ball and plate). Replicate collectors were replaced monthly. Therefore, post-settlement mortality occurring within each month could modify the initial settlement values to a certain extent. Recruitment rates were standardised to the number of individuals per collector per day. All collectors were initially deployed in June 2009. The time series of monthly recruitment for mussels, gastropods and barnacles covered until January 2011, July 2012 and January 2014, respectively.
Statistical analyses
Principal component analyses on the temporal domain, known in the earth sciences as empirical orthogonal functions (EOF), were used to determine dominant spatiotemporal patterns of daily SST variability along the study region. The EOF analysis provides a compact representation of empirical patterns of spatial and temporal variability, and the large fraction of variance contained in the first and second orthogonal functions (i.e. principal components) is linked to dominant earth-system processes such as the annual, seasonal or synoptic cycles in temperature (Otero & Siegel 2004 , Schneider & Cornuelle 2005 . Given the spatial coverage and high temporal resolution of our in situ SST data, we used these records to construct the EOF, which was then used as a proxy of environmental filters for the coastal metacommunity. Satellite wind patterns were used to complement our analyses.
Multivariate geographical patterns of adult abundances and mean daily recruitment rates were separately analysed with canonical analysis on principal coordinates (CAP, Anderson & Willis 2003) . CAP is a constrained multivariate method in which an a priori prediction (e.g. the entire set of taxa varies among sites) is used to produce an ordination plot. In contrast to unconstrained methods (e.g. multidimensional scaling), in which each new axis is created in the direction of maximal variation of the response data, the CAP axes are drawn in the direction of maximal difference between pairs of groups defined by the a priori prediction. Therefore, CAP axes are linear combinations of the response variables that maximise the between-to withingroup variation, allowing the detection of patterns that could be masked by overall dispersion in unconstrained methods (Anderson & Willis 2003, their Fig. 1) . We used the capscale function in the vegan package of the R environment (R Core Team 2014) to compute the CAP procedure as follows. Firstly, a matrix of axes weighted by their corresponding eigenvalues was obtained from a principal coordinates analysis of a Bray-Curtis dissimilarity matrix calculated from the abundance data (i.e. spatial time series of species abundances or daily recruitment rates). Secondly, all weighted axes were used in a canonical discriminant analysis of principal coordinates in which the X matrix contained dummy variables corresponding to the site labels. Finally, the significance of fits was determined by permutations of residuals under a reduced model (Oksanen et al. 2013 ). Both percentage cover and density data (i.e. sessile and mobile taxa, respectively) were included in the analyses of adult abundances by transforming taxon data to proportions of the maximum observed for each taxon across the shores. In this way, all cover and density data ranged between 0 (absence of species in a given quadrat) and 1 (maximum value across all quadrats). The adult abundance dataset included both invertebrates and macroalgae; the larval recruitment dataset included only the taxa listed in Table S1 in the Supplement. Unfortunately, we do not have recruitment rates of macroalgae for multiple sites across the region. We also analysed the subset of the adult abundance dataset that appears in the recruitment dataset (see next paragraph).
Variation-partition analyses, based on redundancy analyses (RDA; Borcard et al. 2004) , were used to separate the variation of adult communities with respect to spatial distance, spatiotemporal variation in the SST signal (a proxy of environmental variation) and recruitment rates. These analyses were conducted on the subset of species that have planktonic development and for which we have recruitment data, i.e. macroalgae were not included in this analysis because we did not have estimates of recruitment for any of the sites. The spatial distances among all sampling sites were calculated from latitude−longitude data and transformed to rectangular principal coordinates of neighborhood matrices (PCNM) to use them in the variance partitioning analyses (Dray et al. 2012) . PCs from each neighborhood matrix were selected accor ding to adjusted R 2 from RDA after stepwise model building. Then, the fractions of variation in adult community structure accounted for by the spatial relationships among sampling sites (selected PCNM), the matrix of SST and the matrix of recruitment rates were estimated as adjusted R 2 from the RDA ordinations. The significance of each individual fraction (SST, recruitment rates and spatial distance) was estimated by means of 1000 permutations. PCNM and variance partitioning analyses were conducted with the pcnm and varpart functions, respectively, in the vegan R package.
RESULTS
SST
SST showed a spatial structure marked by lower temperatures at sites located south of PLV in comparison to sites located to the north ( Fig. 2A) . The exception was BURR, a site located north of PLV where temperature was similar to sites south of PLV (compare boxplots in Fig. 2A ). According to this spatial pattern, the EOF analysis showed 2 groups: one containing sites located south of PLV as well as CARR and BURR, and the second containing sites located north of PLV (Fig. 2B) . The first EOF (EOF1) ex plai ned ca. 98% of the multivariate differences among sites. As expected, the temporal structure of EOF1 corresponds primarily to the seasonal cycle (Fig. 2C) . The second EOF (EOF2) accounted for ca. 1% of the SST spatiotemporal variability. According to Tapia et al. (2009 Tapia et al. ( , 2014 , who analysed the SST variation in this region, the second EOF2 in this region is mostly associated with the synoptic, days-to-weeks, variability (i.e. upwelling cycles), which is expected to be low north of about 30° S, where our study region lies. Although synoptic scale variability was low across the region, its relative importance varied among sites. In particular, sites located north of PLV, excepting BURR and CARR, were more influenced by the seasonal cycle in SST, while the remaining sites were comparatively more influenced by the synoptic-scale SST pattern (see also Tapia et al. 2014 ). Long-term averages of wind stress correspond well with the spatial structure observed for SST, with maximum stress values around PLV (ca. 30.25°S) and between BURR and HUAS (28.5° to 29.0°S), especially during spring (see Fig. S1 in the Supplement at www.int-res. com/ articles/ suppl/m538p067_supp.pdf). 
Spatial patterns of species abundances and recruitment rates
A total of 108 taxa were identified across the study region with 51 and 57 taxa representing inver tebrates and macroalgae, respectively. A comprehensive taxonomic listing of these species has been published by Broitman et al. (2011) . Multivariate ana lyses of species abundances showed a regional structure similar to SST, with sites located south of PLV -in addition to BURR and CARR -clustered at the left side of the CAP ordination (Fig. 3A, Table 2 ).
This spatial structure was statistically significant (pseudo-F 11,1568 = 7.24, p < 0.01). The multivariate spatial pattern of multi-species recruitment rates (Fig. 3B , pseudo-F 7, 32 = 14.66, p < 0.01) resembled the structure observed for SST (Fig. 2B) and adult abundances (Fig. 3A) , with sites located south of PLV and BURR segregated along the first axis of the CAP ordination (Fig. 3B) .
The analysis of Pearson correlations with CAP axes showed that species with pelagic larval development (e.g. the barnacles Jehlius cirratus and Noto chtha ma lus scabrosus) increased in adult abun- dance to ward sites located north of PLV, while macroalgae (e.g. Mazzaella laminarioides and the crustose alga Hildenbrandia lecannellieri) were more abundant in CARR, BURR and sites located south of PLV (Fig. 3C) . The exceptions to this pattern were the green algae Ulva spp., which were relatively abundant in HUAS and APOL, both sites located north of PLV (Fig. 3C ). Most invertebrate recruits and larvae showed higher abundances in HUAS, APOL, TEMB and GUAN, which are located north of PLV (Fig. 3D) . The abundance of juveniles of Onchidella marginata, a gastropod with direct non-planktonic development, tended to increase towards sites located south of PLV (Fig. 3D) . Juveniles of Acanthina monodon, also a direct developer, and Austrolittorina araucana, a spe cies with pelagic development, were more abundant toward CARR and PANU. These results indicate that overall recruitment rates of invertebrates with planktonic development were higher at sites located north (excepting BURR) than at those south of PLV, and species with comparatively limited potential for dispersion showed an opposing pattern.
In accordance with these patterns of variation in the structure of adult communities and recruitment rates, mean invertebrate abundance was lower south than north of PLV (see Fig. S2A in the Supplement at www.int-res.com/articles/suppl/m538p067_supp. pdf). Adult invertebrates were also scarce at BURR (Fig.  S2A) . Abundance of taxa with planktonic development showed a significant multivariate structure across the region with sites located south of PLV, in addition to CARR and BURR, discriminated from the other sites (Fig. S2B, pseudo-F 11,1488 = 15 .89, p < 0.01). The abundance of algal species was low at sites inside the greater Coquimbo bay system (Fig. S2C) , and the multivariate ordination for algae alone was similar to that of the entire assemblage and that of planktonic dispersers (Fig. S2D, pseudo-F 11 ,1536 = 11.56, p < 0.01).
Partition of variation in community structure
with respect to SST, recruitment rates and spatial structure
Our variance-partition analyses showed that a relatively large amount of variation (59%) in adult community structure -considering only invertebrates with planktonic development -was accounted for by the 3 variables considered in the analyses (Space, SST and Recruitment). By far the most important explanatory variable was the joint effect of SST and recruitment rates, which accounted for 45% of the variability in the benthic assemblage (Fig. 4) . After this, roughly 18% of variability in community structure could be assigned to the joint effect of recruitment and space (Fig. 4) , while spatial structure alone accounted for 12% of variation (Fig. 4) . Pure variation in SST and its combination with space together accounted for only 7% of the variation in adult community structure (SST: 2%, joint effect: 5%; Fig. 4) . Finally, we detected non-significant proportions of variability explained directly by recruitment rates alone, and by the combination of the 3 factors investigated.
DISCUSSION
Spatially structured multi-species communities are simultaneously affected by dispersal, which drives rates of colonisation to local sites, as well as by among-site variation in environmental conditions, which act as filters to the types of species that can (co)exist at a given site (Leibold et al. 2004 , Logue et al. 2011 , Aiken & Navarrete 2014 showed that environmental variables (SST), the benthic abundance of 108 species of invertebrates and macroalgae, and recruitment rates of invertebrates all shared significant spatial and temporal patterns of variability, marked by the presence of the prominent upwelling centre at Punta Lengua de Vaca (PLV, 30.25°S). Variance-partition analyses of the invertebrates with pelagic development allowed us to disentangle the effects of recruitment and environmental filtering while accounting for pure spatial variation in community structure. These results suggest that the independent and joint effects of SST with space on the established individuals in the benthic community explain only 7% of the variation in community structure in this wave-exposed metacommunity. In our ana lyses, this environmental filtering included effects on individual species tolerances, as well as environment-dependent species interactions. In contrast, the combination of environmental conditions and recruitment variation explained 45% of the variability in intertidal community structure, and an additional 18% was explained by the spatial structure of recruitment. Unexplained variation, which accounted for 41% of the variation in community structure, can be attributed to other factors, including local species interactions that are robust (insensitive) to observed variation in environmental conditions and recruitment rates. In this metacommunity, therefore, the combined effect of environmental filtering and recruitment on local communities is stronger than the independent effects of these factors alone. Spatial structure in the rocky shore metacommunity was evident when comparing multivariate patterns between sites located south and north of the persistent upwelling centre at PLV. However, 2 sites located north of PLV (i.e. Carrizal Bajo and Los Burros) showed environmental and biotic conditions similar to sites located around and south of PLV, highlighting the mosaic nature of mesoscale structures in environmental processes (e.g. Broitman & Kinlan 2006) . Sites showing higher abundances of invertebrates with larval development also showed higher recruitment rates and stronger influence of the seasonal cycle in SST, in general agreement with the broad patterns and putative processes documented by Navarrete et al. (2005) in central Chile. This general result is also in agreement with studies on the effects of SST on rocky shore communities along the northwest Pacific shore (Menge & Menge 2013) , where lower invertebrate abundances and recruitment rates, in addition to higher algal abundances, characterised the sites with higher synoptic (days to weeks) SST variability and stronger wind stress. Therefore, our results show that local, multispecies community structure along a broad geographic area has a fairly straightforward link to environmental fluctuations -and to limitations and temporal variation in propagule supply. But since they are both coupled, their separate and interactive effects on community structure must be teased apart (Lagos et al. 2008 , Watson et al. 2011 .
Few studies of marine systems have attempted to disentangle the effects of dispersal−recruitment from environmental filtering, especially in multi-species settings. We took advantage of the fact that, for 16 intertidal invertebrates, we had robust estimates (monthly samples for over 2 yr) of arrival rates and could use this information as a direct proxy for effective colonisation rates after dispersal. The results are quite striking. The geographic environmental variation imposed primarily by the upwelling centre at PLV modulates community structure of invertebrates through modulating or interacting with recruitment variability, but not through acting as an environmental filter on established individuals. Indeed, pure SST and its combination with space explained a significant, but marginal amount of variance in comparison to environment-modulated recruitment. Thus, we can conclude that interacting hydrographical processes at the PLV upwelling centre modulate the physical transport and retention of larvae in a way that affects recruitment variability (Pineda 2000, Fig. 4 . Variance-partition analysis of adult community structure (planktonic developers) as a function of spatial distance and the spatiotemporal variation in sea surface temperature (SST) and recruitment rates. Only fractions of variation > 0.01 are shown Shanks et al. 2000 , Broitman & Kinlan 2006 , Pfaff et al. 2011 , Navarrete et al. 2015 , leaving a persistent signal in community structure. As discussed above, in our analyses, environmental filters could act directly on community structure through affecting species tolerances, or through modifying environment-dependent species interactions. In situ measurements of SST were used in this study as a proxy for environmental filtering. Therefore, other variables like air temperature or food concentration could have had an uncontrolled effect on community structure. Nevertheless, SST has been shown elsewhere to significantly correlate with a suite of relevant environmental factors -including nutrient and chl a availability -that affect organism and population growth rates (Wieters et al. 2003 ) and the strength of species interactions (Wieters 2005 , Menge & Menge 2013 . Perhaps environmental variation across these wave-exposed rocky shores is simply too low to represent a major filter for the presence of species or to significantly alter competitive abilities, which is in accordance with the nearly nil variability in competitive interaction strengths between intertidal mussels and barnacles reported for central Chile (Caro et al. 2010 , Shinen & Navarrete 2014 ). This is not to say that species interactions are not important. Indeed, as mentioned above, 41% of the unexplained variation in community structure may very well be related to species interactions that are insensitive to variation in environmental conditions across the study region. This interpretation of our analysis can also reconcile apparently contradicting results obtained by Caro et al. (2010) , in which significant convergence in community structure (n = 23 species) was found across a large geographic region of central-northern Chile, despite much greater variation in recruitment. Certainly, convergence in community structure relative to recruitment variation is possible when the main post-recruitment processes (e.g. species interactions) structuring local communities are relatively insensible to environmental conditions across the region. The trivially low variance explained by pure recruitment in our analysis is also consistent with the comparatively low recruitment signal observed by Caro et al. (2010) . By using differences in recruitment rates between sites, Caro et al. (2010) effectively eliminated the spatial structure of recruitment, which in our analysis is shown to explain 18% of the variability in community structure. We show here that to explain significant variation in community structure it is necessary to examine the interaction between SST and recruitment. Unfortunately, we do not have information on macroalgal recruitment rates to perform a similar analysis for this diverse assemblage. Considering the generally much lower dispersal capabilities of macroalgae in comparison to invertebrates (Kinlan & Gaines 2003) , one could expect a much higher contribution of environmental filtering over recruitment to the structure of the macroalgal assemblage. However, excessively li mited dispersal capabilities could also preclude colo nisation of sites, and therefore, make recruitment rates important drivers of macroalgal assemblages across the region. Further studies are therefore required. While all techniques designed for variance partitioning of spatially structured processes exhibit limitations (Gilbert & Bennett 2010) , we believe the broad differences encountered will be resilient to the statistical technique used.
The variation in recruitment rates of multiple species seemed to lead to predictable patterns in community structure across a comparatively large region. Following a different approach, Watson et al. (2011) came to generally similar conclusions for the rocky shores along the California Bight. This raises an important question: How do we reconcile the fact that variability in recruitment rates of multiple species leaves a signal on the multivariate structure of benthic communities, with the many studies on this and other shores of the world illustrating the overriding and quite deterministic importance of local postrecruitment processes, such as predation and interference competition (e.g. Castilla & Durán 1985 , Paine et al. 1985 ? Part of the answer lies in variation in the importance of different community regulation processes across large spatial scales, which are modulated by oceanographic processes (Connolly et al. 2001 , Menge et al. 2003 . Navarrete et al. (2005) suggest that sharp discontinuities in upwelling regimes observed around 32°S result in a significant regional shift in recruitment rates and community structure: higher recruitment rates and adult abundances of dominant invertebrates occur at sites located south rather than north (our study region) of 32°S. Similarly, Caro et al. (2010) showed that at low to moderate mean recruitment rates, there can be a tight relationship between adult community structure and recruitment (Caro et al. 2010, their Fig. 1C) . Part of the answer is also that local communities, here and anywhere, are composed of sets of species that interact strongly and usually in strongly asymmetrical ways, and sets of species that interact in nearly 'neutral' ways (Siepielski et al. 2010 , Lowe & McPeek 2014 . Indeed, the variability in relative recruitment rates, even when not limiting, can directly determine relative adult abundances in species that are equally suited to compete for space (Shinen & Navarrete 2014) , and environmentally driven variation in prey recruitment can lead to weak predator−prey interactions within macrobenthic assemblages (Wieters et al. 2008) .
In our study, the northernmost sites, Carrizal Bajo and Los Burros, clustered with the southern sites around PLV in terms of SST and adult abundances, but not in terms of recruitment rates (at least not for Carrizal Bajo). This indicates that coastal environmental conditions could still be influencing the spatial patterns in community composition in this region. Our variance-partition analysis suggests that, in the case of invertebrates with pelagic development, such filtering effects are trivial across the study region -a different situation is probably experienced by the macroalgal assemblage. Cold and nutrient-rich upwelled waters can boost algal growth rates at sites exposed to persistent upwelling activity and inhibit growth of others at areas with more frequent nutrient-depleted waters (Blanchette et al. 2002 , Gallon et al. 2014 . This can explain why in our study the increasing influence of synoptic SST variability and wind stress was related to higher abundances of corticated and crustose red algae (observed at the southern sites and Los Burros), a pattern also shown by Tapia et al. (2014) using an independent dataset. The trend of green algae to be abundant at sites further from the upwelling centre has also been reported by Nielsen & Navarrete (2004) and explained as a response to competitive release with corticated algae or changes in the intensity of herbivory. Further research on macroalgal recruitment variation is necessary to determine to what extent environmental filtering (e.g. nutrient limitations) or environmentinduced recruitment variability modulates the assemblage.
In summary, our results indicate that environmental filtering in the traditional sense, as affecting individuals' ecological tolerances, has a minor modulation effect on the structure of benthic invertebrate communities. The spatial structure of recruitment variability and, especially, the modulation of recruitment by environmental conditions are the most significant processes explaining community structure of the metacommunity. It is still necessary to untangle the relationships between recruitment rates and dispersal, which are central to the prediction of population dynamics and patterns of coexistence in spatially structured environments (Watson et al. 2011 , Aiken & Navarrete 2014 , Burgess et al. 2014 , as well as the mechanisms of interaction between recruitment and environmental variability. Similar studies need to be done on macroalgal recruitment over larger spatial scales. Since climate change and other humaninduced disturbances will affect environmental conditions and dispersal pathways in different ways (e.g. Aiken & Navarrete 2011), our results could be extremely useful for building predictive models about variability of biodiversity in this and in other benthic marine systems. 
